Interferons (IFNs) are proteins involved in many functions including antiviral and antimicrobial response, apoptosis, cell cycle control and mediating other cytokines. IFN gamma (IFNG) is a proinflammatory cytokine that modulates many immune-related genes. In this study we examine genetic variation in IFNG, IFNGR1, IFNGR2 and interferon regulatory factors (IRFs) to determine associations with colon and rectal cancer and survival after diagnosis. We include data from two population-based incident studies of colon cancer (1555 cases and 1956 controls) and rectal cancer (754 cases and 959 controls). Five tagSNPs in IFNG, IRF2 and IRF3 were associated with colon cancer and eight tagSNPs in IFNGR1, IFNGR2, IRF2, IRF4, IRF6 and IRF8 were associated with rectal cancer. IRF3 rs2304204 was associated with the strongest direct association and IRF2 3775554 with the strongest inverse association for colon cancer [odds ratios (ORs) 1.43, 95% confidence interval (CI) 1.12-1.82 for recessive model and 0.52, 95% CI 0.28-0.97 for unrestricted model]. For rectal cancer, IFNGR1 rs3799488 was directly associated with risk (OR 2.30, 95% CI 1.04-5.09 for recessive model), whereas IRF6 rs861020 was inversely associated with risk (OR 0.57, 95% CI 0.34-0.95). Several single-nucleotide polymorphisms interacted significant with both NF-kB1 and IL6 and with aspirin/non-steroidal antiinflammatory drugs and cigarette smoking. Using a summary score to estimate mutational load, we observed a hazard rate ratio (HRR) close to 5.00 (95% CI 2.73-8.99) for both colon and rectal (HRR 4.83, 95% CI 2.34-10.05) cancer for those in the category having the most at-risk genotypes. These data suggest the importance of IFN-signaling pathway on colon and rectal cancer risk and survival after diagnosis.
Introduction
Interferons (IFNs) are proteins involved in many functions including antiviral and antimicrobial response, apoptosis, control of cell cycle and mediators of other cytokines (1, 2) . There are three classes of IFNs, type I, II and III. Interferon gamma (IFNG) is the only type II IFN and as a proinflammatory cytokine, has been identified as an important modulator of immune-related genes, including nuclear factor-kappa B (NF-jB), toll-like receptor 3 (TLR3), VCAM1 and CASP4 (3), interferon gamma receptor (IFNGR), interferon regulatory factors (IRF), V-AKT murine thymoma viral oncogene homolog 1 (AKT), mitogen-activated protein kinases and inhibitor of kappa (IKK) (1, 4) . IFN receptors are required for IFNs to exert their biological activity and therefore play a critical role in IFN signaling (4, 5) ; IFNGRs have two subunits, IFNGR1 and IFNGR2. IRFs are a family of transcription factors (2, 6) involved in the regulation of the IFN system, cell growth and the regulation of host defense such as innate and adaptive immune response.
The IFN-signaling system may play a critical role in carcinogenic processes. However, few studies of genetic variation in the IFNsignaling pathway have been examined with colon or rectal cancer. Of these genes, only IFNG has been examined, perhaps because of its role in maintaining the integrity of the intestinal epithelial barrier (7) . IFNG -874T . A (rs2430561) was not associated with risk of hereditary non-polyposis colon cancer in a study of 212 cases (8) . A small study of 170 colon and rectal cancer cases in Korea did not find an association with IFNG 5644 (9) . Studies examining genetic variation in other components of the IFNG-signaling pathway have not been reported nor have studies examined the impact of genetic variation in this pathway on survival. Given the role of IFNG in apoptosis, cell growth and regulation, such an association is biologically plausible.
In this study, we examine the genetic variation in IFNG, IFNGR1, IFNGR2, IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, IRF8 and IRF9 with risk of developing colon and rectal cancer as well as their association with survival. Given the biological function of this signaling pathway, we evaluate interaction with two key inflammation-related genes, NF-jB1 and IL6 (10) as well as two lifestyle factors that may modify genetic susceptibility, use of aspirin and/or non-steroidal antiinflammatory drugs (NSAIDs) and cigarette smoking. Both aspirin/ NSAID use and cigarette smoking may modify associations through their influence on inflammation. Aspirin/NSAID use may reduce inflammation, whereas cigarette smoking may increase inflammation as a result of oxidative stress.
Methods
Two study populations are included. The first, a population-based case-control study of colon cancer, included cases (n 5 1555) and controls (n 5 1956) identified between 1 October 1991 and 30 September 1994 living in the Twin Cities Metropolitan Area, Kaiser Permanente Medical Care Program (KPMCP) of Northern California and a seven-county area of Utah (11) . The second study used identical data collection methods as the first study but included population-based cases with cancer of the rectosigmoid junction or rectum (n 5 754) and controls (n 5 959) who were identified between May 1997 and May 2001 in Utah and KPMCP (12) . Eligible cases were between 30 and 79 years old at time of diagnosis, English speaking, mentally competent to complete the interview, no previous history of CRC and no known (as indicated on the pathology report) familial adenomatous polyposis, ulcerative colitis or Crohn's disease. Controls were matched to cases by sex and by 5 years age groups. At KPMCP, controls were randomly selected from membership lists. In Utah, controls !65 years were randomly selected from the Health Care Financing Administration lists and controls ,65 years were randomly selected from driver's license lists. While in Minnesota, controls were selected from driver's license and state-identification lists. Study details have been previously reported (11, 12) .
Interview data collection
Data were collected by trained and certified interviewers using laptop computers. All interviews were audiotaped and reviewed for quality control purposes (13) . The referent period for the study was 2 years prior to diagnosis for cases and prior to selection for controls. Detailed information was collected on diet, physical activity, medical history and cigarette smoking history, regular use of aspirin and NSAIDs and body size. Regular use of aspirin/NSAIDs was defined as at least three times a week for at least 1 month.
Tumor registry data
Tumor registry data were obtained to determine disease stage at diagnosis and months of survival after diagnosis. Disease stage was categorized centrally by one pathologist in Utah using the sixth edition of the American Joint Committee on Cancer (AJCC) staging criteria. Local tumor registries also provided information on patient follow-up including vital status, cause of death and contributing cause of death. Follow-up was obtained for all study participants for at least 5 years and was terminated for the Colon Cancer Study in 2000 and Abbreviations: CI, confidence interval; HRR, hazard rate ratio; IFN, interferon; IFNG, interferon gamma; IFNGR, interferon gamma receptor; IRF, interferon regulatory factor; KPMCP, Kaiser Permanente Medical Care Program; NSAID, non-steroidal anti-inflammatory drug; OR, odds ratio.
for the Rectal Cancer Study in 2007. We used the standard definition of colon and rectal cancer employeed by the Surveillance and Epidemiology and End Results (SEER) program.
TagSNP selection and genotyping
TagSNPs were selected using the following parameters: linkage disequilibrium blocks were defined using a Caucasian linkage disequilibrium map and an r 2 5 0.8; minor allele frequency .0.1; range 5 À1500 bps from the initiation codon to þ1500 bps from the termination codon and one single-nucleotide polymorphism (SNP)/linkage disequilibrium bin. All markers were genotyped using a multiplexed bead-array assay format based on Golden Gate chemistry (Illumina, San Diego, CA). A genotyping call rate of 99.85% was attained. Blinded internal replicates represented 4.4% of the sample set; the duplicate concordance rate was 100%. Individuals with missing genotype data were not included in the analysis for that specific marker. We evaluated associations with 12 candidate genes, including IFNG (3 SNPs), IRNGR1 (4 SNPs), IFNGR2 (5 SNPs), IRF1 (2 SNPs), IRF2 (51 SNPs), IRF3 (2 SNPs), IRF4 (10 SNPs), IRF5 (4 SNPs), IRF6 (5 SNPs), IRF7 (2 SNPs), IRF8 (12 SNPs) and IRF9 (2 SNPs).
Tumor marker data
We have previously evaluated tumors for CpG island methylator phenotype, microsatellite instability, TP53 mutations and KRAS2 mutations (14-17) and were therefore able to evaluate genes in relation to tumors with specific characteristics or markers. Details for methods used to evaluate these epigenetic and genetic changes have been described in previous publications (14) (15) (16) (17) .
Statistical methods
Statistical analyses were performed using SASÒ version 9.2 (SAS Institute, Cary, NC). We report odds ratios (ORs) and 95% confidence intervals (95% CIs) assessed from multiple logistic regression models adjusting for age, center, race/ethnicity and sex. To summarize risk associated with multiple variants across the pathway, we created a summary polygenic score that was based on all at-risk genotypes for colon and rectal cancer. The score for each SNP was based on the inheritance model and its associated risk. For the codominant or additive model, a score of 0, 1 or 2 was assigned directly correlated to the number of high-risk alleles; scores of 0 or 2 were assigned for the dominant and recessive models. After assigning a score for each SNP previously identified as being significant, the scores were summed across SNPs to generate an individual polygenic summary score. Individuals missing SNP data were dropped from the analysis. The continuous score variable was redefined as a categorical variable based on the frequency distribution within the study population.
Analysis for interaction was based on tagSNPs within each gene. Lifestyle variables were selected because of their biological plausibility for involvement in this candidate pathway; in these analyses, we focused on interaction between cigarette smoking and use of aspirin/NSAIDs. We tested interaction with two genes, NF-jB1 and IL6, which we hypothesized as importantly modifying the effect of candidate genes being analyzed given their importance in inflammatory processes. P values for interaction were determined using a likelihoodratio test comparing a full model that included an ordinal interaction term with a reduced model without an interaction term.
Survival months were calculated based on month and year of diagnosis, and month and year of death or date of last contact. Associations between SNPs and risk of dying of colorectal cancer were evaluated using Cox proportional hazards models to obtain multivariate hazard rate ratios (HRRs) and 95% CIs. We adjusted for age at diagnosis, study center, race, sex, tumor molecular phenotype and AJCC stage to estimate HRRs.
Adjusted multiple comparison P values, taking into account tagSNPs within the gene, were estimated using the methods by Conneely et al. (18) via R version 2.11.0 (R Foundation for Statistical Computing, Vienna, Austria). This method takes into account the correlated nature of the SNP data within a gene. Wald P values from the main effect models and interaction P values based on likelihood-ratio tests were used for estimates of multiple comparisons. We consider a pACT of ,0.20 as being potentially important given the candidate pathway approach and the need to consider both type 1 and type 2 errors. We believe that findings at this level would merit replication, especially when evaluating interactions.
Results
The population characteristics are described in Table I . The colon cancer study consisted of cases and controls from all the three centers, whereas the rectal cancer study only included cases and controls for KPMCP and Utah. The majority of the population was non-Hispanic white, male and .60 years of age. The genes with corresponding tagSNPs that were associated with either colon or rectal cancer independently or through interaction with gene or lifestyle factors are described in Table II . All SNPs were in Hardy-Weinberg equilibrium. Roughly 90% of the population was non-Hispanic white. A summary of all SNPs analyzed can be found in the Supplementary Table, available at Carcinogenesis Online.
Five tagSNPs in three genes (IFNG, IRF2 and IRF3) were associated with colon cancer (Table III) and eight tagSNPs in six genes (IFNGR1, IFNGR2, IRF2, IRF4, IRF6 and IRF8) were associated with rectal cancer. The strongest increased risk was associated with IRF3 rs2304204 for colon cancer (OR 1.43, 95% CI 1.12-1.82 for recessive model) and the strongest inverse association was observed for IRF2 rs3775554 (OR 0.52, 95% CI 0.28-0.97 for unrestricted or codominant model or unrestricted). For rectal, rs3799488 of IFNGR1 was associated with over a 2-fold increased risk (OR 2.30, 95 % CI 1.04-5.09 for recessive model), whereas IRF6 rs861020 was associated with the strongest inverse association (OR 0.57, 95% CI 0.34-0.95). Only two SNPs in IRF2 were associated with colorectal cancer when colon and rectal cancer were combined. The risk estimate for IRF2 rs3733473 for colon cancer was 0.63 (95% CI 0.43-0.92), for rectal cancer was 0.97 (95% CI 0.61-1.53) and for the colorectal cancer was 0.74 (95% CI 0.55-0.99) with the association clearly being driven by colon cancer. On the other hand, a trend toward a protective effect of IRF2 rs7655800 was seen for both colon and rectal cancer (OR 0.62, 95% CI 0.39-1.00 for colon cancer; OR 0.75, 95% CI 0.36-1.59 for rectal cancer; OR 0.66, 95% CI 0.44-0.98 for colorectal cancer). The Supplementary Table, available at Carcinogenesis Online, shows risk associated with all SNPs for colorectal cancer. Genes in this pathway appeared to be most uniquely associated with CpG island methylator phenotype þ tumors (P for heterogeneity ,0.05 for IRF2 rs3733473, rs6812958 and IRF6 rs17015218 for IFN-signaling pathway colon cancer and IFNG rs2069718, IRF2 rs2310047 and rs7657540 for rectal cancer) and KRAS-mutated tumors (P for heterogeneity ,0.05 for IRF6 rs2013162 for colon cancer and IRF2 rs3775556 and IRF8 rs8064189 for rectal cancer) (data not shown in table) .
Results were similar when analysis excluding non-Hispanic white individuals was performed. We evaluate interactions between our candidate genes and NF-jB1 and IL6, two genes we hypothesize as interacting with IFN-related genes given their role in inflammation. We have previously reported independent associations between NF-jB1 and IL6 and colon and rectal cancer (10,19) IL6 rs2069860 was associated with reduced risk of colon cancer (adjusted OR 0.55, 95% CI 0.32-0.95). NF-jB1 was associated with reduced risk of colon cancer (rs4648110 OR 0.66, 95% CI 0.45-0.96 for recessive model and rs13117745 OR 0.64, 95% CI 0.39-1.04 for recessive model). NF-jB1 also was associated with rectal cancer (OR 0.79, 95% CI 0.51-0.94 for dominant model of rs23051; OR 1.32, 95% CI 1.00-1.75 for additive model of rs3821958; OR 1.24, 95% CI 1.03-1.51 for dominant model of rs11722146). We observe numerous interactions (Table IV) . For colon cancer, IFNG, IRF1, IRF2 interacted with NF-jB1, whereas IFNGR1, IFNGR2, IRF2, IRF5, IRF6 and IRF8 all interacted with IL6. For rectal cancer, we observed significant interactions between NF-jB1 and IFNG, IFNGR2, IRF4 and IRF6, whereas IRFNGR1, IFNGR2, IRF1, IRF2 and IRF8 interacted with IL6. Significant interactions between recent regular use of aspirin/ NSAIDs and smoking cigarettes with candidate genes are shown in Table V . Several genes interacted with aspirin/NSAIDs, including IRF2, IRF4, IRF5 and IRF6 for colon cancer and IFNGR2, IRF2, IRF6 and IRF7 for rectal cancer. Likewise, we observed several significant interactions between cigarette smoking and candidate genes. IRF2 and IRF4 interacted with smoking for both colon and rectal cancer. Additionally, there was significant interaction between IRF6 and smoking for colon cancer and IRF8 and smoking for rectal cancer.
We evaluate pathway tagSNPs with survival by looking at the mutational load using a summary score consisting of those SNPs associated with survival based on significant HRRs (Table VI) . For colon cancer, the HRR was 4.96 (95% CI 2.73-8.99) for those in the category having the most at-risk genotypes; for rectal cancer, the upper summary HRR was 4.85 (95% CI 2.34-10.05) after adjusting for age, center, race, sex, AJCC stage and tumor molecular phenotype. Assessment of rectosigmoid junction separate from other rectal tumors showed similar results as for the combined group.
Discussion
Our data support the hypothesis that genetic variation in the IFNG, its receptors and IRF genes are associated with risk of developing colon and rectal cancer and that this association may be modified by other IFN-signaling pathway key inflammation-related genes and lifestyle factors such as use of aspirin/NSAID and cigarette smoking. Additionally, we provide support for the hypothesis that genetic variation in the IFNG-signaling pathway is associated with survival. The increased risk of both developing colon or rectal cancer and survival after diagnosis appears to be influenced by mutational load. Our data suggest that unique associations were observed for CpG island methylator phenotype þ and KRAS2-mutated tumors, suggesting that these tumor molecular phenotypes may be associated with inflammation. IRF2 was associated with both colon and rectal cancer, whereas other components of the pathway were uniquely associated with colon cancer, (i.e. IFNG and IRF3), and with rectal cancer (i.e. IFNGR1, IFNGR2, IRF4, IRF6 and IRF8). Although we acknowledge that these differences could stem from chance findings, many associations remained significant after adjusting for multiple comparisons. These findings also could support other reports showing differences in both genetic and lifestyle factors for colon and rectal cancer (12, (20) (21) (22) (23) . For instance, body size and insulin signaling may play a larger role in the etiology of colon versus rectal cancer (21, 23, 24) . Studies have shown that IFNG attenuates insulin signaling (25) ; thus an association between IFNG and colon cancer may reflect different biological components of colon versus rectal cancer.
Inflammation is a key element in colon and rectal carcinogenesis. We evaluated the interaction of IFN-signaling pathway genes with NF-jB1 and IL6, two genes that appear to be pivotal in inflammatory response. All genes, except IRF3, IRF4 and IRF9 for colon cancer, and IRF3, IRF5, IRF7 and IRF9 for rectal cancer showed significant interaction with these genes. Others have shown that NF-jB1 expression is influenced by the IFN-signaling pathway (3). We interpret these findings to indicate both the importance of IFN-signaling pathway to an inflammation-related mechanism as well as the degree to which multiple inflammation factors work together to influence cancer risk. Although beyond the scope of this paper, we believe that it is important to examine how IFN genes work with other inflammation-related genes given the number of interactions observed. Genes that may be important include tumor necrosis factor and its receptors, toll-like receptors, mitogen-activated protein kinases including p38, mitogenactivated protein kinase 8 and mitogen-activated protein 14, inhibitor of kappa light chain gene enhancer in B cells, kinase of Beta (IKKB), cytokines such as interleukin 1 and interleukin 8 and AKT in addition to angiogenesis genes such as vascular endothelial growth factor and its receptors.
Our data suggest that genetic susceptibility is influenced by regular use of aspirin/NSAID use and smoking cigarettes. The role of aspirin and NSAID use in colon and rectal cancer risk are well documented (26) (27) (28) (29) . These associations are felt to stem from the anti-inflammatory properties of these drugs. Cigarette smoking has been associated with increased nitric oxide (NO) synthesis by activating nitric oxide synthase (NOS2) (30, 31) ; NO has been shown to contribute to chronic inflammation (32) . While multiple genes were associated with both colon and rectal cancer, IRF2 and IRF6 were associated with aspirin/ NSAID use for both colon and rectal cancer and IRF2 was associated with cigarette smoking for both colon and rectal cancer. Few studies have examined how either aspirin/NSAID or cigarette smoking works with these genes, although the interaction with genes in the IFNsignaling pathway is biologically plausible. One study has shown that the NOS2 promoter contained sequences for several transcription factors including IRF6; exposure to tobacco smoke caused IRF6 to bind to the NOS2 promoter regulating NOS2 transcription and the cell response to tobacco exposure (31) . Other studies like the one by Ratovitski will provide additional insight into the functionality of these genes. Functions of the IFN-signaling pathway include apoptosis and cell proliferation. IRF1 has been shown to play a role in suppression of growth of breast cancer cells (33) . IFNG has been shown to regulate the expression of apoptosis-related genes and has been hypothesized to regulate cell sensitivity to apoptosis (34) . Additionally, IFNG has been shown to work with tumor necrosis factor to overcome resistance of metastatic colon tumor cells to the tumor necrosis factor-related apoptosis-inducing ligand, which is an immune effector molecule (35) . Our observations that genetic variations in the IFN-signaling pathway influence survival have merit. The observed risk associated with multiple variants within the pathway further suggests that the mutational load is important. With increasing number of variant genotypes, the risk of dying increased. Although one could hypothesize that a single insult to the pathway could influence risk and that additional insults would have minimal effect on risk, our data suggest otherwise. Inflammatory pathways are somewhat redundant, composed of multiple cytokines with overlapping functions; this supports that multiple insults to the pathways would result in increased risk. Our data support the hypothesis that increases in risk and hazard of dying is linear and that as mutational load of high-risk genotypes increase, so does the risk of developing cancer and dying after being diagnosed with cancer. Our observed increased risk of dying was independent of disease stage at diagnosis and tumor molecular phenotype.
Major strengths of our study were the hypothesis-driven approach, the large and extensive data set includes information on genetic, lifestyle, tumor and survival data, and our ability to examine colon and rectal cancer separately. Although we believe that the data we present is both thorough and informative, we acknowledge that limitations exist. For instance, while we have detected associations, we have minimal information on the functionality of SNPs evaluated. Additional labbased work is needed to determine functionality. We have limited our assessment of interaction to NF-jB and IL6, although other genes such as TLR3, VCAM3 and CASP4 were not considered. Additionally, we have made many comparisons. We have provided pACT values, which account for these comparisons although chance findings may exist. A hazard of multiple testing adjustments is the increased likelihood of rejecting a finding that is true. Thus, we believe that adjusted P values of ,0.20, especially for interactions, merit replication in other large sample sets to validate these findings. Our assessment was limited to those enrolled in the study; those with the poorest survival were less likely to be included which, however, we did not observed differences in association when we examined disease stage at time of diagnosis.
We conclude that genetic variation in the IFN-signaling pathway is important in the etiology of colon and rectal cancer. These associations appear to be modified by lifestyle factors such as aspirin/NSAID use and cigarette smoking and other inflammation-related genes. Additionally, our data suggest the importance of genetic variation in this pathway on survival after diagnosis. We encourage validation of these findings in other large studies. 
